Abstract The Vertiskos Unit of northern Greece is an elongated basement belt with a complex poly-metamorphic history. It extends from Greece (Chalkidiki peninsula), to the south, up to Serbia, in the north, and arguably represents the westernmost part of the Rhodope Metamorphic Province (northern Greece to southern Bulgaria). The Vertiskos Unit experienced a medium pressure lower amphibolite-facies metamorphic overprint during the Alpine Orogeny. The available medium-temperature geochronology implies that it remained at temperature of approximately 300°C (or slightly higher) during Lower Cretaceous. In order to constrain its post-Lower Cretaceous thermal history, until near-surface exposure, we applied apatite fission track analysis. The central ages obtained range from 68.5 ± 3.8 to 46.6 ± 3.6 Ma (uppermost Cretaceous to Middle Eocene) and mean track lengths between 13 and 13.5 μm. We applied two inverse thermal modeling approaches using either each sample independently (high degree of freedom in the thermal history, better data fit) or all samples together interpreting them as a vertical profile (simpler thermal history, worse data fit). Irrespective of the modeling approach, we conclude that the bulk thermal history of the Vertiskos Unit crosses the high-temperature limit of the apatite partial annealing zone by the uppermost Cretaceous and reaches near-surface conditions as early as lower/middle Eocene. These results contrast with the thermal history of the other domains of the Rhodope Metamorphic Province further east (namely the Southern Rhodope Core Complex and the Northern Rhodope Complex) and establish the Vertiskos basement complex as the oldest exhumed coherent basement fragment of the Rhodope Metamorphic Province and Greece.
Introduction
The northeastern part of Greece and southwestern part of Bulgaria is known as the Rhodope Metamorphic Province [see Burg, 2012, and references therein] (Figure 1 ). It constitutes an extended tectonic element between two Alpine Mountain Chains: the Carpathians-Balkanides to the north and the Dinarides-Hellenides to the south. Widespread Jurassic-Cretaceous metamorphic ages [Reischmann and Kostopoulos, 2002; von Quadt et al., 2008 von Quadt et al., , 2009 Krenn et al., 2010; Nagel et al., 2011; Liati et al., 2011, and references therein] , roughly corresponding to eclogites-facies peak event and subsequent amphibolite-facies overprint, have been described for the whole domain in the literature. The final unroofing, as estimated by low-temperature thermochronology, for the central and northeastern parts is well defined at Eocene-Miocene [e.g., Hejl et al., 1998 Hejl et al., , 2010 Wuthrich, 2009] . Regardless, the cooling history of the westernmost part of the Rhodope Metamorphic Province, known as the Serbo-Macedonian Domain, remains poorly constrained.
Apatite and zircon fission track (AFT, ZFT) analysis is often adopted for determining low-temperature thermal events. A general overview of the basic methodology is given in Gallagher et al. [1998] and many different FT applications has been reported in the literature over the past few decades such as investigation of the thermal evolution of basement rocks and sedimentary basins [e.g., Leech and Stockli, 2000; Barbarand et al., 2001; Foster and Raza, 2002; Jolivet et al., 2007; Labaume et al., 2008; Balestrieri et al., 2011; Sanchez et al., 2011; Sahu et al., 2013; Yang et al., 2013] , passive margin denudation history [e.g., Gunnell et al., 2003; Yi et al., 2009; Cogne et al., 2011 Cogne et al., , 2012 Dörr et al., 2012] , detritus supply and provenance studies [e.g., Carter, 1999; Bernet and Garver, 2005; Carrapa, 2009; Wang et al., 2011; Balestrieri et al., 2013] . Apatite FT age data are best coupled with spontaneous track length measurement allowing for the determination of a relatively detailed low-temperature thermal history (T-t). The method can be applied to rocks that have previously been annealed at temperature above the apatite partial annealing zone (PAZ;~120°C; dependence on the crystal composition) [Donelick et al., 2005] thus determining their low-temperature cooling path after the peak thermal event. This, combined with other low-temperature ([U-Th]/He) or mid-temperature ( 40 Ar/ 39 Ar) methods, can be used to decipher the regional signal of exhumation and cooling of an area.
In the present work we deal with the timing of regional cooling of the Serbo-Macedonian Domain and in particular its upper part namely the Vertiskos Formation (in the sense of ; Vertiskos Unit hereafter). For this purpose, new apatite FT age data and inverse thermal modeling for basement rocks are presented. We then proceed with comparing the obtained results with those from the central and eastern parts of the Rhodope Metamorphic Province summarizing also the available low-temperature data. This allows us to define first-order similarities and differences between different areas in terms of their lowtemperature evolution during Upper Cretaceous-Tertiary.
Geological Setting
The Hellenides constitute an integral part of the Alpine-Himalayan mountain chain and are the product of convergence between the stable South European margin to the north and the North Gondwanan passive margin to the south. Their Alpine geodynamic evolution has been discussed at length by van Hinsbergen et al. [2005] , Jolivet and Brun [2010] , Ring et al. [2010] , Royden and Papanikolaou [2011] , and Papanikolaou [2013] . The centerpiece of the above studies is the continuous southward retreat of the subducting Hellenic slab Figure 1 . Simplified geological map of the Rhodope Metamorphic Province. Three tectonic domains can be distinguished, from northeast to southwest: (i) the Northern Rhodope Complex (NRC), (ii) the Southern Rhodope Core Complex (SRCC), and (iii) Serbo-Macedonian Domain (SMD). The latter is further subdivided into the lower Kerdyllion Unit, to the east, and the upper Vertiskos Unit (our study area) to the west. See text for details. Modified after , Sakellariou and Dürr [1993] , and Burg [2012] . Normal faults after Sokoutis et al. [1993] , Tranos et al. [2003] , Papanikolaou et al. [2006] , and Brun and Sokoutis [2007] . Our sampling locations (sample code and elevation) from the Serbo-Macedonian Domain are also shown.
Tectonics since the Eocene that brought about a concomitant southward migration of magmatism in the severely extending Aegean lithosphere (upper plate), a slowdown in the rate of plate convergence coeval with acceleration of the trench retreat as well as a southward shift in the ages of progressively younger subduction-related metamorphism.
The Rhodope Metamorphic Province (RMP) [Burg et al., 1990; Bonev et al., 2006; Krenn et al., 2010; Jahn-Awe et al., 2010; Nagel et al., 2011] constitutes the hinterland of the Hellenic Subduction System (northeast Greece to southwest Bulgaria) (Figure 1 ). It can be viewed as a southwestward piling-up, crustal-scale, synmetamorphic, amphibolite-facies duplex [Burg et al., 1996; Ricou et al., 1998 ] strongly affected by later extension of core complex-type [Sokoutis et al., 1993; Dinter and Royden, 1993; Brun and Sokoutis, 2007] and syntectonic to posttectonic magmatism [e.g., Kolocotroni and Dixon, 1991; Jones et al., 1992; Marchev et al., 2004 Marchev et al., , 2013 . It is bordered to the north and east by the Maritza dextral strike-slip fault and the middle Eocene-present Thrace Basin, respectively. Its southwestern limit corresponds to the Vardar-AxiosThermaikos basins which in turn roughly correlate with the Vardar Suture Zone (VSZ) [Ricou et al., 1998 ]. The continuity of the RMP to the south is hidden beneath the North Aegean Basin deposits [Papanikolaou et al., 2006] . In order to discuss the Upper Cretaceous-Tertiary thermal evolution of the area, we adopt a simple threefold division where the RMP is divided, from northeast to southwest, into three tectonic domains: (i) the Northern Rhodope Complex (NRC), (ii) the Southern Rhodope Core Complex (SRCC), and (iii) SerboMacedonian Domain (SMD; Figure 1 ).
The NRC (Figure 1 ) is characterized by a lithological variability reflecting the diversity of its constituting crustal fragments. Several units can be identified in the Greek and Bulgarian literature, all sharing a common Mesozoic-Cenozoic tectonometamorphic history [see Burg, 2012, and references therein] . The NRC is mainly made of orthogneisses, eclogites, and amphibolites, overlain by paragneisses, schists, and scarce marble horizons [Mposkos and Liati, 1993; Liati and Seidel, 1996; Turpaud and Reischmann, 2010; Janák et al., 2011; Moulas et al., 2013] . Volumetrically low ultramafic rocks also occur usually at high structural levels. Microdiamonds reported from gneisses of the NRC sets the RMP as the youngest diamondiferous ultrahigh pressure belt [Mposkos and Kostopoulos, 2001; Perraki et al., 2006; Schmidt et al., 2010] with pre-Upper Jurassic peak metamorphism [Reischmann and Kostopoulos, 2002; Hoinkes et al., 2008; Nagel et al., 2011; Liati et al., 2011, and references therein] and subsequent Cretaceous upper amphibolite-facies regional overprint [Reischmann and Kostopoulos, 2002; Bauer et al., 2007; Bosse et al., 2010; Krenn et al., 2010; Liati et al., 2011] . Basin deposits, unconformably overlying the exhumed metamorphic rocks, are dated as early as Maastrichtian-Paleocene [Boyanov et al., 1982; Goranov and Atanasov, 1992] and are related to plutonic rocks and volcanics of uppermost Cretaceous to lowermost Oligocene age [e.g., Peytcheva et al., 1998; Soldatos et al., 2001 Soldatos et al., , 2008 Ovtcharova et al., 2003; Marchev et al., 2006 Marchev et al., , 2010 Jahn-Awe et al., 2010; Filipov and Marchev, 2011] . The deposits mark the initiation of extension affecting the nappe complex [see Burchfiel et al., 2000] . Distinct extensional gneiss domes exposed below low-angle detachments formed in late Eocene (Chepinska, Arda, Kesebir, and Biela-Reka domes; Figure 1 ) [see Bonev et al., 2006 Bonev et al., , 2013a Jahn-Awe et al., 2012; KaiserRohrmeier et al., 2013] .
The SRCC (in the sense of Brun and Sokoutis [2007] ) is a wide metamorphic dome of roughly triangular shape which lies immediately southwest of the NRC (Figure 1 ). Their contact is located along a mylonite-bearing SW verging thrust fault known as the Nestos Thrust. The SRCC consists of highly deformed Permian-Carboniferous mylonitic orthogneisses, intercalated mica-schists, and amphibolites capped by a thick marble sequence. The exhumed dome shows a flat-lying foliation over its width [Brun and Sokoutis, 2007] . The gneisses experienced upper greenschist to lower amphibolite-facies conditions, and the available metamorphic ages are exclusively post-Lower Eocene (post-51 Ma) [Wawrzenitz and Krohe, 1998; Lips et al., 2000] . Oligo-Miocene plutonic bodies that show syntectonic features intrude the basement rocks [Kolocotroni and Dixon, 1991; Kaufman, 1995; Dinter et al., 1995; Eleftheriadis et al., 2001] . Widespread NW-SE trending basins have developed after middle Miocene (e.g., Strymon and Drama basins; Figure 1 ) [Snel et al., 2006; Burchfiel et al., 2008] although remnants of mid-Eocene nummulite-bearing transgressive limestones have been reported locally (e.g., Xanthi basin).
The SRCC is bounded immediately to the west by the Serbo-Macedonian Domain (SMD; equivalent to "Serbo-Macedonian Massif" in the sense of Dimitrijevic [1963] ) (Figure 1 ). The SMD can be traced from the Hellenic territory (Chalkidiki peninsula) [see Kockel et al., 1971] until Serbia to the far north. In the Hellenic domain, Kockel et al. [1971] divided the SMD into the lower Kerdyllion Unit and the upper Vertiskos Unit (Figure 1) . Himmerkus et al. [2012] demonstrated the Rhodopean affinity of the lower Kerdyllion Unit. Brun and Sokoutis [2007] reinterpreted the contact between the Vertiskos and Kerdyllion Units as an extensional detachment fault, namely, the Kerdylion Detachment, that accommodated the exhumation of the SRCC since middle Eocene (Figure 1 ).
The Vertiskos Unit is an isolated and elongated basement belt with a pretty much constant width of approximately 30 km. In Bulgaria, to the north, it is known as the Ograzden Unit [Zagorchev, 1976] . In Greece, typical rock types are Silurian granitoids [Himmerkus et al., 2009a] , later transformed into orthogneisses, intercalated paragneisses, and thin marble horizons, leucocratic granitic/pegmatitic intrusions, deformed amphibolites, and scarce eclogite boudins [Kockel et al., 1971 . The Vertiskos Unit was intruded in Lower Triassic by the Arnea-Kerkini magmatic complex [Himmerkus et al., 2009b] with which it experienced the same post-intrusion medium pressure amphibolite-facies overprint [Burg et al., 1995; Kilias et al., 1999] . The Permo-Triassic Volvi metamafic body crops out near the eastern part of the Vertiskos Unit and shows riftrelated isotopic signature [Bonev and Dilek, 2010] [Harre et al., 1968; Zervas, 1979; Papadopoulos and Kilias, 1985; de Wet et al., 1989] . The structural continuity and the NW-SE trending fabrics of the Vertiskos Unit are disrupted by small sedimentary basins developed only after middle Miocene [Koufos et al., 1995] . Large Eocene batholiths [de Wet et al., 1989; Christofides et al., 1990] and limited Oligo-Miocene plutonic rocks [Frei, 1992; Gilg and Frei, 1994] , often accompanied by small coeval volcanic extrusions [Tompouloglou, 1981; Harkovska et al., 2010; and our 
Sampling Strategy
As mentioned above, there is clear evidence for Lower Cretaceous recrystallization at medium pressure amphibolite-facies conditions in the Vertiskos Unit. Initial exhumation of the unit can be considered as starting in the Upper Cretaceous based on zircon FT ages (71.9 ± 9.4 Ma in northern Greece by Wuthrich [2009] and 87.7 ± 8.6 Ma in southwestern Bulgaria by Kounov et al. [2010] ). In Greece, close-to-surface exposure of the metamorphics is roughly constrained by a 43 ± 6.8 Ma apatite FT age [Wuthrich, 2009] . Therefore, a widespread cooling phase during Upper Cretaceous-Eocene seems to be recorded in the Vertiskos-Ograzden Units. However, the regional post-Lower Cretaceous cooling history and any possible lateral variations are yet to be investigated.
Here we focus on the Vertiskos Unit (Chalkidiki peninsula, northern Greece) with 15 samples: four orthogneisses, three granites, seven paragneisses, and one pegmatite ( Figure 1 and Table 1 ). One additional sample from the underlying Kerdyllion Unit was analyzed. The lack of data in the studied area is in stark contrast with the wealth of published ages from the SRCC and the NRC to the east (see discussion below).
Apatite Fission Track Analysis

Analytical Methods
Apatite separation from the 16 samples was undertaken at Géosciences Rennes, France, following the procedure described by . The samples were crushed, and the apatite grains were separated using a Wilfley table, heavy liquids, and a Frantz isodynamic separator before being mounted on glass slides using epoxy resin and polished to expose an internal surface. We used the external detector method to calculate the FT ages [Gleadow, 1981; Hurford and Green, 1982] . The polished apatite mounts were etched in 6.5% HNO 3 (1.6 M) for 45 s at 20°C to reveal the spontaneous fission tracks, and a low-U external mica sheet was attached before being irradiated with a neutron fluence rate of 1.0 × 10 16 neutrons/cm 2 (OSU, Oregon State University, USA). CN5 dosimeters were used to monitor the neutron flux [Hurford and Green, 1983] . The induced tracks in the external detector were etched with 60% HF for 40 min at 20°C.
The AFT age measurements were made at Géosciences Rennes with a Zeiss M1 microscope at 1250X magnification under dry objectives.
For each sample between 18 and 40 c axis-oriented, inclusion-free apatite crystals were analyzed using the Trackscan® and TrackWorks® software packages in manual mode. Age calculations were made with the TrackKey® software [Dunkl, 2002] using a weighted mean ζ value equal to 339.1 ± 6.8 (K.K.) obtained on both Durango and Mount Dromedary apatite standards. All ages reported are central ages according to Galbraith and Laslett [1993] . Errors on ages are quoted at 2σ.
Length measurements of horizontal confined tracks and etch pit dimensions (as a proxy for apatite composition) [Barbarand et al., 2003; Carlson et al., 1999; Ketcham et al., 2007] were made with a Zeiss Axioplan microscope (Birkbeck University of London) equipped with a digitizing tablet and computer-driven stage with 1250X magnification using dry objectives. Dpar measurements were calibrated against Durango standards (K.K.).
Results
The results of the AFT analysis are presented in Table 1 (see supporting information for the full data set). For each sample between 18 and 40 single grains were used for the age calculation ( Figure S1 ). For the Vertiskos Unit, a tight cluster of apatite FT ages range from 46.6 ± 3.6 to 57.7 ± 3.0 Ma. The Galbraith and Laslett [1993] , given in Ma and calculated using the TRACKKEY software [Dunkl, 2002] . Error is given at ±2σ. Mean track length (MTL) is given in μm, and measurements were performed on horizontal confined fission tracks in crystal sections parallel to the c crystallographic axis. Dpar is the measured mean diameter (in μm) of the etched trace of the intersection of a fission track with the surface of the analyzed apatite crystal, measured parallel to the c axis. westernmost sample (SM48) is a deformed pegmatite which yielded a significantly older age (68.5 ± 3.8 Ma). SM54 gave an exceptionally old age of 87.4 ± 14.9 Ma but due to its poor grain quality (cracked crystals with plenty of inclusions), low uranium content (<3 ppm), wide range of individual grain ages (χ 2 value of 3.72), and the fact that this age does not fit the rest of the results, this sample will be excluded from further consideration. The apatite FT age from the Kerdyllion Unit is 44.3 ± 3.4 Ma (SM32), slightly younger than those of the Vertiskos Unit.
Track lengths and the corresponding c axis angle were obtained for nine samples of the Vertiskos Unit ( Figure S2 ). Hundred individual lengths were measured for the majority of the samples with the exception of three samples (41, 81, and 86 length measurements for SM58, SM11, and SM9, respectively). The calculated mean track length (MTL) ranges from 13 to 13.5 μm and the standard deviations from 0.9 to 1.5 μm. Eight samples were used for Dpar measurement. An average of 220 measurements was made for each sample (made on 42-67 individual grains). With the exception of SM33 which shows high Dpar value (2.12 μm), the rest of the samples range from 0.99 to 1.48 μm indicating F-rich apatites.
Inverse Thermal History Modeling
Methodology
Given the fission track analysis for a given sample, we can infer the thermal history of each sample individually using an inverse modeling scheme. Here we adopted the Markov Chain Monte Carlo (MCMC) approach described by Gallagher [2012] , implemented in the software QTQt. Details of the specific implementation can be found in Gallagher [2012] and other implementations of MCMC can be found in Hopcroft et al. [2007] , and Sambridge et al. [2006] . In brief, the applied inversion scheme is based on Bayesian transdimensional sampling in which the complexity of the thermal history solutions (defined as the number of discrete time-temperature points forming the thermal history) are inferred from the data rather than being specified in advance. The Bayesian approach naturally prefers simpler thermal history models and so reduces problems associated with over interpreting the data (i.e., introducing unwarranted structure in the inferred thermal histories). The output of the method is a population of thermal histories, which reflects the range of acceptable models in terms of a (posterior) probability distribution. Individual models, such as the best data-fitting (maximum likelihood) model or the expected model (effectively the weighted mean thermal history from the posterior distribution) can be also extracted from the posterior distribution to visualize a single thermal history. Additionally, the QTQt implementation allows a group of individual samples of different elevations to be treated as a vertical profile (equivalent to a borehole in the upper crust). In this approach, we make the implicit assumption that all the samples have experienced a similar form of thermal history, with lower elevation samples having always been hotter or at least as hot as the higherelevation samples and there have been no major disruptions of this geometrical/structural relationship since the samples cooled through the apatite fission track PAZ [Gallagher et al., 1998 ].
Results
As mentioned earlier, a wealth of available medium-temperature geochronology data exist in the literature for the basement rocks of the Vertiskos Unit. They include Ar/Ar, K/Ar, and Rb/Sr data from orthogneisses, biotite gneisses, intercalated pegmatites, and garnet-mica schists. The Ar/Ar system peaks at circa 150 Ma [Lips et al., 2000; Kounov et al., 2010] . The K/Ar system culminates at Lower Cretaceous (between 100 and 140 Ma) [Harre et al., 1968; Marakis, 1969; Papadopoulos and Kilias, 1985] . The Rb/Sr isochrons points variably between uppermost Jurassic and Upper Cretaceous times [Zervas, 1979; Lilov et al., 1983; Papadopoulos and Kilias, 1985; de Wet et al., 1989] . For this, we can safely conclude that the temperature remained high enough to cause complete annealing in the FT data at least until the end of Lower Cretaceous. To respect this independent geological evidence, we constrained the model histories to pass through 350 ± 50°C at 100-140 Ma. As this is well above the apatite partial annealing zone, there is no significant effect on the thermal history models inferred from the inverse modeling.
Individual Sample Inverse Modeling Results
We used the nine samples from the Vertiskos Unit for which length data were obtained (Table 1) . At this stage we treat each sample individually and allow the Dpar (proxy for apatite composition) to vary within the variance obtained from the measurements). The results for the expected and maximum likelihood models as well as the predictions on the FT age, MTL, and the sampled values for Dpar are shown in Figure 2 . A summary of the observed versus predicted/sampled values for the FT age, MTL, and Dpar is shown in Figure 3 . The thermal history represented by the expected model tends to be simpler or smoother than the maximum likelihood model (Figure 2 ), although predictions using the latter will be closer to the measured data. As a result, the maximum likelihood model fits the AFT age and MTL data (Figures 3a and 3b) but not the sampled parameter Dpar (Figure 3c ). The deviation from the observed values tends to be as low as 1% (average for both models) with the exception of the Dpar prediction for the maximum likelihood model (30% on average). The maximum likelihood model arrives at systematically lower mean Dpar than the measured values. However, as a test on the significance of the actual Dpar value on the inferred thermal history, we fixed its value to the observed one and reran the inversions. The results were not significantly different in terms of the timing of cooling episodes.
Overall, the thermal histories of the nine modeled samples are similar in that they all show one major period of cooling in the Upper Cretaceous. Figure 4 summarizes the results of inverse modeling (we show both the maximum likelihood and expected models). For the vast majority of the samples (SM48 excluded) the maximum likelihood models show rapid cooling through the apatite FT partial annealing zone roughly between 50 and 70 Ma without any reheating thereafter (Figure 4 ). SM48 shows the same general trend, but its rapid cooling phase is at 80 Ma; this is caused by its old FT age (68.5 ± 3.8 Ma). A more complicated history (more T-t points), yet the same general shape, is inferred for sample SM58 but this may be due to the fact that only 41 length measurements were obtained.
The expected models show the same general form but tend to be smoother than the maximum likelihood models (Figure 4 ). These average thermal histories show more or less linear cooling from the constrained T-t area to close-to-surface temperature (below 50°C). Eight out of the nine modeled samples (SM48 excluded) form a cluster and their thermal history crosses the high-temperature limit of the apatite partial annealing zone (~120°C) between circa 55 and 75 Ma,~5 Myr later than the rapid cooling shown by the maximum likelihood models. This reflects the level of uncertainty on the timing of cooling for all the thermal histories accepted by the MCMC sampling. Sample SM48 crosses the same temperature boundary at 84 Ma. All samples are at temperature lower than 50°C since 45 Ma at the latest.
In Figure 5 , all the samples are plotted along a WSW-ESE transect over a swath profile covering the width of the Vertiskos Unit (sampling area). There is potentially a geographical trend for younger ages toward the east (SM54 excluded). However, if the uncertainty on the age calculation is considered, this trend becomes less obvious and the ages of adjacent samples often overlap within error. Considering the inferred thermal histories for the expected model in more detail, they show the same general form but from the westernmost sample (SM48) to the easternmost ones (SM23 and SM33), the thermal paths enter the PAZ at younger times a b c Figure 3 . Observed versus predicted values of both the individual sample modeling (expected and maximum likelihood models) and the joint profile modeling approaches adopted here for (a) the age, (b) the mean track length, and (c) the sampled kinetic parameter. Error bars on the observed age are also shown for part of the data set. Numbers in parentheses is the average percentage deviation from the observed values for each data set. following the geographic trend mentioned above (Figure 4 ). However, this intriguing geographical pattern needs to be considered in the context of the uncertainties on the thermal histories. Plotting the uncertainties (2 sigma) on the timing that each thermal path crosses the high-temperature boundary of the PAZ (~120°C), significant overlap exists for all, but SM48, samples (black horizontal lines; Figure 4 ). This suggests that the apparent geographical trend is either not real and/or the AFT data are not sensitive enough to record unambiguously such variation especially taking into consideration the relatively narrow width (~30 km) of the studied area (Figure 1 ).
Irrespective of the details of the individual thermal histories, the overall picture extracted from modeling each sample independently implies that the basement rocks of the Vertiskos Unit cooled through the apatite PAZ between the uppermost Cretaceous and the lower/middle Eocene.
Profile Modeling Results
Having modeled the thermal history for each sample independently, we now consider them as representing a vertical profile. The aim of this is to determine whether we can explain the data from all samples with a simple and common thermal history to assess whether the geographical variation in the thermal histories described above is real. In this approach, we model all samples simultaneously, using the present-day elevation differences as a proxy for different depth in the crust during cooling [Gallagher et al., 2005a [Gallagher et al., , 2005b Stephenson et al., 2006] . As shown by Gallagher et al. [2005a] , this joint modeling approach minimizes artifacts in the resulting thermal histories (such as the reheating events in Figure 4 for some of the maximum likelihood solutions). The differences in elevation are then used to estimate the temperature difference between the uppermost and lowermost samples, and the thermal histories for samples between them are calculated using linear interpolation of this temperature offset. All the samples are considered to have experienced the same form of thermal history and the reasonable assumption is that the lowest elevation samples were always hotter (deeper in the crust prior to exhumation) than their highest-elevation counterparts which remained shallower in the crust. Under these assumptions, we can extract the regional thermal history of the sampled area. In such an approach we exploit the spatial link between different samples in the vertical sense. This includes the implicit assumption that any syncooling or postcooling vertical displacement (e.g., faulting) between sampling locations is negligible. As seen in Figure 1 , there is no basin of significant size fragmenting the Vertiskos Unit. One exception is the relatively small middle Miocene Mygdonia basin which is known to be quite shallow (not exceeding 200 m) [Koufos et al., 1995] .
Given the assumptions above, this approach allows us to (i) integrate samples with no track length measurements with those that do have them, (ii) to minimize the complexity of the inferred thermal histories of individual samples (previous section), and (iii) to illustrate the thermal evolution of the study area as a whole, grouping the individual samples. Comparing the thermal histories obtained by modeling all samples together to those obtained by modeling them individually, we can heuristically assess the validity of the approach and the assumptions above.
We used 14 of the basement samples from the Vertiskos Unit (Table 1 ; SM54 excluded). All of the samples contain age data, and nine of them have both age and FT length data. The measured central ages range Figure 5 (SM54 excluded). The modeling approach is described in Gallagher et al. [2005b] and Gallagher [2012] . The model on the left originates from a constrained T-t area (dashed box; 350 ± 50°C at 120 ± 20 Ma) based on the geological evidence and the available geochronology data (see text for details). The two empty squares correspond to the published ZFT age from the Vertiskos/Ograzden Units. For comparison, the result of the nonconstrained model is shown on the right. Red thick line is used for the thermal path of the hottest (lowest-elevation) sample (red thin lines 95% credible interval range) and blue thick line for the thermal path of the coolest (highest-elevation) sample (blue thin lines 95% credible interval range). Using the same modeling approach and the samples GR117, GR126, GR132, and GR134 from Hejl et al. [2010] , we calculated, for comparison, the thermal path of the lower Eocene Sithonia pluton from the southern edge of the Chalkidiki peninsula (see Figure 1 for location). (bottom) The corresponding FT age (blue), mean track length (red), and kinetic parameter (green) predictions for the constrained and nonconstrained models are shown. between 46.6 ± 3.6 Ma and 68.5 ± 3.8 Ma and the elevation range from 94 m to 754 m. The resultant thermal history is relatively simple (Figure 6 ) and similar in form to those inferred for each sample individually (Figure 4 ). For comparison, the nonconstrained profile model is also shown in Figure 6 . The inferred thermal history shows linear type of cooling between the constrained T-t area and the near-surface conditions. The cooling path crosses the high-temperature limit of the apatite FT partial annealing zone between 62 and 70 Ma (uncertainties included), and it stays at temperature below 50°C since 55 Ma. The inferred temperature difference between the highest-and the lowest-elevation samples is 9 ± 7°C (1 sigma), which implies that the data do not necessarily require very different thermal histories. Although we have grouped together a suite of samples spread over a relatively large area to search for a common form of the thermal history, the data fit is still acceptable in terms of predicted versus observed age and the same for the MTL and sampling of the kinetic parameter (Figures 3 and 6) . Only 3 out of the 14 samples did not have predicted ages within error, while all of the predicted/sampled values for MTL and Dpar were within error of the observed values.
6. Discussion
Comparing the Two Modeling Approaches
We have used here AFT analysis and two inverse modeling approaches to investigate the post-Lower Cretaceous cooling path of the Vertiskos Unit (Figure 1 ). In the first approach we modeled each sample independently allowing, thus, for different solutions for each sample (Figure 4 ). In the second approach, we modeled all samples together assuming that they represent a vertical profile and restricting the possible solutions to one common (and simple) thermal history ( Figure 6 ). As expected, the first approach resulted in better data fit than the second one ( Figure 3 ) [see also Gallagher et al., 2005a Gallagher et al., , 2005b .
From the swath profile shown in Figure 5 , a possible eastward younging of the ages can be inferred. This trend becomes ambiguous when considered in the context of the age uncertainties (overlapping ages within error). Using the first approach (individual sample modeling), the same trend is reflected in the resulting thermal histories which also tend to show a later (younger) cooling into the PAZ toward the east (Figure 4 ). Using the second approach (joint profile modeling) under assumptions mentioned earlier (see sections 5.1 and 5.2.2), a similar (in form and timings) thermal history is inferred from the data ( Figure 6 ). In this case, the FT age for the westernmost sample (SM48), which gives the earliest cooling through the PAZ (around 80-85 Ma) is not so well predicted by the joint profile thermal histories (Figure 6 ), suggesting that this sample is not consistent with the profile-modeling assumptions. However, the similarity in the form and spread of the individual expected thermal histories (Figure 4) , and the profile thermal histories (with their uncertainties shown in Figure 6 ) for the other samples suggests either that overall the assumptions are valid or that the data are not sensitive enough to answer which of the two modeling approaches is better for the case of the Vertiskos Unit. To resolve that and to assess whether the geographical variation in the AFT ages ( Figure 5 ) is real, a more dense sampling grid coupled with both lower ([U-Th]/He) and higher temperature methods (Ar/Ar on potassic feldspars, ZFT) would be necessary.
Overall however, the results of the two approaches are not significantly different in terms of form of the cooling path and timing. Considering the Vertiskos Unit and independently of the chosen modeling approach, the outcome of our AFT analysis is that it remained at temperature of approximately 120°C until uppermost Cretaceous, and it was at near-surface temperature (less than 50°C) by lower/middle Eocene (Figures 4 and 6 ). With the current state of knowledge and available data and in the absence of any conclusive evidence, both approaches will be discussed independently in the following sections and a possible mechanism for explaining the geographical variation, treated in the first approach, will be presented.
Regional Geological and Thermal Evolution of the Vertiskos Unit
The Vertiskos Unit of the Chalkidiki peninsula, northern Greece, is a complex unit with a poly-metamorphic history (Figure 1 ). Its pre-Jurassic history can be described in terms of a coherent metamorphic fragment that detached from the northern Gondwanan margin and was incorporated into the Variscan Arc of southern Europe during the Carboniferous . Equivalent units can now be traced to Bulgaria and to Serbia farther north [see Zagorchev, 1976; Dimitrijevic, 1963 ; see also Kounov et al., 2010 Kounov et al., , 2012 . In Greece it mainly comprises Silurian granitoids, later transformed into orthogneisses, intercalated garnet-mica schists, amphibolites, and thin marble horizons [Himmerkus et al., 2006 [Himmerkus et al., , 2009a ; see also Kockel et al., 1971 . In Bulgaria, the protolith age of equivalent orthogneisses (Ograzden Unit) is defined as Ordovician systems of southern Europe during the Triassic and caused the opening of oceanic basins. In northern Greece, the Vertiskos Unit represents such a rifted part of the European Arc systems, south of which the Vardar Oceanic Domain opened. The rifting event is clearly documented by widespread Triassic granitic intrusions known collectively as the Arnea-Kerkini Complexes [de Wet et al., 1989; Himmerkus et al., 2009b; Poli et al., 2009] and the related Volvi metamafic body [Himmerkus et al., 2005; Bonev and Dilek, 2010; Liati et al., 2011] .
During the Alpine Orogeny and the closure of the Vardar Ocean, the Vertiskos Unit was incorporated into the southern European active margin reaching lower amphibolite-facies conditions (garnet-staurolite degree). Based on the available medium temperature geochronological data for the basement rocks of the Vertiskos Unit, the temperature remained high enough to reset the K/Ar (and partly the Rb/Sr) system during the Lower Cretaceous [Harre et al., 1968; Zervas, 1979; Papadopoulos and Kilias, 1985; de Wet et al., 1989] . In the southern tip of the Chalkidiki peninsula a first pulse of magmatic intrusions is recorded (Figure 1 ). Hornblende-biotite granodiorites (Sithonia, Ierissos, Ouranoupolis, and Gregoriou), dated at circa 50 Ma [de Wet et al., 1989; Christofides et al., 1990; Frei, 1996] , intruded the basement complex. Their continuation to the south is obscured by the sea, while to the north, along the Vertiskos Unit, no magmatism of the same age is recorded. They belong to an extensive magmatic pulse that is recorded further to the northeast in the NRC (see below). Within the Vertiskos Unit, a second pulse of magmatic activity is documented by smaller plutons (Stratoni, Skouries, and Olympiada) that are often accompanied by volcanic extrusions (Monolithi and Gerakario). Feeding dykes of the latter intrude the basement complex marking the time of its final surface exposure. To the south they are related to fluid circulation, porphyry copper mineralization, and Pb-Zn-Ag-Au replacement ores. This pulse is as old as Oligo-Miocene [Frei, 1992; Gilg and Frei, 1994; Tompouloglou, 1981 ; and our own data]. It can be traced at least up to southwest Bulgaria (Kozhuh volcanic body) [Pecskay et al., 2011] where it intrudes the equivalent Ograzden Unit.
The post-Lower Cretaceous cooling of the Vertiskos Unit as a coherent block can be inferred from the results of the vertical profile modeling (Figure 6 ). The cooling path crosses the high-temperature limit of the apatite FT partial annealing zone (~120°C) at uppermost Cretaceous (between 62 and 70 Ma) and remains at temperature <50°C since the lower Eocene. Using the available geochronology data [Hejl et al., 2010] for a typical Lower Eocene pluton of the first magmatic pulse (Sithonia pluton from the southern tip of the Chalkidiki peninsula; Figure 1 ) and the profile modeling technique described in a previous section, we can demonstrate that this pluton cooled to 50°C as early as lowermost Oligocene (~33 Ma), i.e., 10-15 Myr later than the surrounding basement rocks (Figure 6 ). Thus, it can be concluded that none of the two magmatic pulses penetrating the Vertiskos Unit (Eocene and Oligo-Miocene) were strong enough to cause regional thermal perturbations. Local thermal perturbations are possible, but, to first order, do not appear to be too significant, given the overall similarity of the profile and individual sample modeling results.
In summary, the Vertiskos Unit preserves evidence for Upper Cretaceous exhumation and lower/middle Eocene near-surface exposure documented by low-temperature thermochronology data. This robust and systematic low-temperature record over a distance of several tens of kilometers is a unique feature of the Rhodope Metamorphic Province. The regional exhumation of the Vertiskos Unit clearly predates any basin formation and the two described thermal pulses caused by plutonic intrusions.
Lateral Variations of the Cooling Histories in the Vertiskos Unit
In order to evaluate the scale and significance of lateral variations in the cooling history of the Vertiskos Unit we return to the results of the individual sample modeling (Figure 4 ). Lateral variations in the measured apatite FT ages have already been discussed (see section 6.1); they young toward the east ( Figure 5 ). This trend is clearly reflected into the corresponding individual thermal histories which also become younger toward the east (Figure 4) . In other words, the relatively young unroofing of the eastern part of the Vertiskos Unit is in contrast to the earlier cooling recorded in its western part. Here we consider possible explanations for this variation.
The Vertiskos Unit is bordered along its western side by a pile of Mesozoic metasediments (known as the "Circum-Rhodope" belt) (in the sense of Kauffmann et al. [1976] ) and a Jurassic magmatic arc (namely, the "Chortiatis Magmatic Suite") [see Kockel et al., 1971] via composite contacts showing thrust and dextral strike-slip components [Ricou and Godfriaux, 1994; Tranos et al., 1999] (Figure 1 ). (Figure 4 ). Assuming that differential erosion occurred, exhumation of its western shoulder through a thrusting mechanism would have resulted in younger ages toward the west. Therefore, this mechanism cannot explain the observed FT age and inferred thermal history variations.
Brun and Sokoutis [2007] described the Kerdyllion Detachment as the structure which controlled the exhumation of the SRCC from middle Eocene to middle Oligocene immediately east of the Vertiskos Unit (Figure 1) . During that time, the Vertiskos Unit was the hanging wall of the detachment on top of the exhuming mylonitic gneisses. As illustrated in Figure 4 , the Vertiskos Unit was already at shallow depth and at temperature less than 50°C before the formation of the SRCC. Therefore, any thermal disturbance related to the exhumation of the mylonitic gneisses and the syntectonic plutons postdates the exhumation of the Vertiskos Unit and can neither affect its thermal evolution nor explain the observed lateral variations in age or cooling through the PAZ. We argue that the observed geographical age geographical pattern can be explained with passive postexhumation asymmetric uplift and erosion of the eastern Vertiskos shoulder due to extensional doming of the SRCC immediately to the east (Figure 1 ). In such a way its deeper parts are exposed along the eastern side resulting to younger FT ages and later cooling through the PAZ (Figure 4) . Indeed, the eastern side of the Vertiskos Unit stands at higher elevation compared to its western side, showing, overall, an asymmetric relief ( Figure 5 ). The asymmetry decays toward the west, away from the exhuming SRCC, where the oldest ages are recorded. The same result can be also triggered by the middle Miocene, NW trending, NE dipping normal faults bordering the Strymon basin along the eastern part of the Vertiskos Unit (Figure 1 ). Exhumation along their footwall would expose deeper parts of the Vertiskos Unit.
In summary, the younger FT ages (and their associated thermal histories) toward the east within the Vertiskos Unit is arguably the result of postexhumation passive tilting essentially combined with increased erosion rates toward the east. The relatively young extensional exhumation of the SRCC immediately to the east of the Vertiskos Unit and/or the middle Miocene normal faulting along its eastern border both account for possible mechanisms.
Comparing the Vertiskos Unit to the Rhodope Metamorphic Province
The Rhodope Metamorphic Province is made of three main tectonic domains that display first-order similarities and differences in terms of cooling to near-surface temperature (Figure 7 ). The available lowtemperature thermochronology data [from Bigazzi et al., 1994; Kyriakopoulos et al., 1997; Hejl et al., 1998 Hejl et al., , 2010 Magganas et al., 2004; Wuthrich, 2009; Kounov et al., 2010; Márton et al., 2010 , and the results of this study] are summarized in the histograms of Figure 7 . For the NRC low-temperature data are from both the migmatitic gneiss domes and their peripheries. With reference to the histograms of Figure 7 , the zircon FT ages range from 25 to 40 Ma, the apatite FT ages from 10 to 50 Ma and the apatite (U-Th)/He ages from 10 to 40 Ma. For the SRCC the available data are less abundant. The zircon FT ages are from 10 to 45 Ma, the apatite FT ages from 5 to 30 Ma (both Oligo-Miocene plutons and basement rocks) and the three apatite (U-Th)/He ages from 15 to 40 Ma. For the Vertiskos Unit (or the equivalent Ograzden Unit) the two available zircon FT ages are at circa 80 Ma. The apatite FT ages of the Eocene plutons range from 10 to 40 Ma and from basements rocks from 40 to 70 Ma.
Much of the Mesozoic convergence that affected the Rhodope Metamorphic Province is preserved within the NRC. High-temperature zircon crystallization ages peak at Jurassic and is often interpreted as the time of the eclogite-facies metamorphism (in places within the diamond stability field). The eclogite-bearing gneisses of the NRC are variably retrogressed to amphibolite-facies conditions [see Moulas et al., 2013, and references therein] . The time of this event is constrained at Cretaceous [e.g., Reischmann and Kostopoulos, 2002; Bauer et al., 2007; Bosse et al., 2010; Liati et al., 2011; see also Burg, 2012, and references therein] . A second zircon/monazite growth phase scatters between uppermost Cretaceous and Oligocene and correlates with an elevated thermal gradient caused by voluminous intrusive and extrusive rocks (Figure 1) . Simultaneously, widespread extensional basins deposited on top of exhumed metamorphic rocks, mark the initiation of extension in the Bulgarian Rhodope. The area remained active and at an elevated thermal gradient during the exhumation of the gneiss domes prevailing any pre-Lower Eocene (pre-50 Ma) low-temperature record. Indeed the low-temperature record starts at circa 50 Ma for the domes and their peripheries (Figure 7) . (Figure 1 ) is divided, from northeast to southwest, into three tectonic domains: The Northern Rhodope Complex (NRC), the Southern Rhodope Core Complex (SRCC), and the Vertiskos Unit. Low-temperature data compilation (ZFT, AFT, and (U-Th)/He) is shown on the map (orange-filled circles for our data; red-, blue-, and green-filled circles for literature data) and summarized in the histograms. The three tectonic domains are in gray-shaded colors as the corresponding histograms. (Figure 7 ). Contrary to the elevated thermal gradient in the NRC to the northeastern edge of the RMP, the Vertiskos Unit has been intruded only locally by plutonic bodies. Thus, the thermal history inferred from the FT data can be interpreted as a clear cooling signal of the basement block excluding any thermal overprint due to the plutons/ volcanics emplacement. As described above, the Eocene and Oligo-Miocene plutonism and volcanism were not sufficient to increase the thermal gradient to such a degree to erase the evidence for the Upper Cretaceous exhumation. In addition, no significant-sized sedimentary basins have formed in the Vertiskos Unit which remained as a coherent basement zone to the southwest termination of the RMP. This is in contrast to the SRCC where widespread extensional post middle Miocene basins developed on top of the exhumed metamorphic complex. As shown in Figure 7 , the SRCC records the youngest population of ages (well illustrated in the apatite FT data with 20 samples with age <10 Ma) among the three domains of the RMP. The Eocene metamorphic ages, the Oligo-Miocene syntectonic intrusions and the relatively young low-temperature data point collectively toward a highly active area that remained at a high thermal gradient during the Tertiary before its fragmentation by post middle Miocene sedimentary basins. The relatively young ages of the SRCC attest for its denudation after both the NRC, to the northeast, and the Vertiskos Unit immediately to the southwest. The thermal gradient for the SRCC remained relatively high and only decreased sufficiently enough for low-temperature record to be preserved after upper Miocene times.
In summary, simple but distinct thermal paths (Figure 8 ) corresponding to the three tectonic domains of the RMP (Figure 7 ) can be defined. To the southwest, the Vertiskos Unit records Upper Cretaceous exhumation (Figures 4 and 6) . No later episodes of pluton intrusion and basin formation erased the evidence for this exhumation. To the northeast, the NRC is characterized by high thermal gradient due to Upper Cretaceous-Oligocene intrusive and extrusive rocks, gneissic domes formation often accompanied with Eocene partial melting and basin development since Maastrichtian. The elevated thermal regime prevented any pre-Eocene exhumation phase to be recorded by low-temperature thermochronological systems. However, a lowermost Paleocene cooling phase is locally inferred from medium-temperature geochronology (Ar/Ar on white micas) on the hanging walls of the exhuming domes and is in line with Maastrichtian-Eocene syntectonic clastics deposited on the metamorphic basement [Bonev et al., 2006 [Bonev et al., , 2013a . Finally, the intermediate SRCC provides the record of the youngest cooling history in the area in agreement with young syntectonic plutonism.
Conclusions
The Vertiskos Unit of the Chalkidiki peninsula (Figure 1 ) is a distinct Silurian fragment of Gondwanan provenance with a complex poly-metamorphic history. Its Alpine thermal history is documented by the available medium-temperature geochronology data that culminates in the Lower Cretaceous and is often correlated to a lower amphibolite-facies overprint. In an effort to constrain its post-Lower Figure 8 . Simplified thermal paths (and data compilation) for the three tectonic domains shown in Figure 7 . The available ZFT, AFT, and apatite (U-Th)/He ages are plotted against an "average" closure temperature (approximately 250, 110, and 60°C, respectively). The color fill of the three thermal paths (and the low-temperature data compilation) corresponds to the color fill of each of the three tectonic domains shown in Figure 7 . Cretaceous cooling history until close-to-surface temperature, we applied apatite FT analysis coupled with inverse thermal modeling. Our results can be summarized as 1. The central ages obtained for basement rocks of the Vertiskos Unit range from uppermost Cretaceous to middle Eocene (46.6 ± 3.6 to 68.5 ± 3.8 Ma) with mean track lengths between 13 and 13.5 μm (Table 1) . 2. In the Vertiskos Unit there is potentially a geographic trend for younger AFT ages toward the east ( Figure 5 ).
This trend becomes less well defined when considered in the context of the age uncertainties (overlapping ages within error). This suggests that either the AFT dating is not sensitive enough to record clearly such variation over such a narrow width (~35 Km) or that the observed pattern simply reflects scatter in the data. In the lack of any conclusive evidence, we have chosen to (a) model each sample independently examining this geographical trend and (b) model the thermal history of all samples together treating them as a vertical profile and interpreting the geographical trend as an artifact. To assess whether the geographical variation in the AFT ages is real, a more dense sampling grid coupled with both lower ([U-Th]/He) and highertemperature methods (Ar/Ar on potassic feldspars, ZFT) would be necessary. 3. However, both of the modeling approaches produced similar results in terms of form of the cooling path and timing (crossing the high-temperature limit of the PAZ; near-surface exposure). Considering the Vertiskos Unit and independently of the chosen modeling approach, its overall thermal history implies that it cooled through the apatite PAZ in uppermost Cretaceous and was at near-surface temperature (less than 50°C) by lower/middle Eocene (Figures 4 and 6) . Thus, the Vertiskos Unit preserves the evidence for uppermost Cretaceous exhumation. . Figure 8 summarizes, in a simplified way, the distinct thermal paths of the three tectonic domains of the Rhodope Metamorphic Province (Figure 7 ). It shows clearly the difference in terms of timing of close-to-surface exposure between them and establishes Vertiskos Unit as the oldest exhumed basement complex in the Rhodope. We can also safely conclude that the Vertiskos Unit represents the oldest exhumed coherent basement complex of Greece.
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